these neuronal pathways to the described genetic pathdaf-5 partially suppress group 1 Daf-c mutations (Vowels and Thomas, 1992; Thomas et al., 1993) , making the way for dauer formation. Sensory neurons could regulate dauer formation either by repressing or by promotassignment of ADF, ASI, and ASG to the group 2 branch of the pathway inconclusive. ing dauer formation. Dauer-repressing neurons would actively repress dauer formation under noninducing conditions and derepress in response to dauer-inducing Group 2 Daf-c Mutations Disrupt Dauer Repression by ADF, ASI, and ASG environmental conditions. Dauer-promoting neurons would be inactive under noninducing conditions and
To relate the function of ADF, ASI, and ASG to the genetic pathway, we tested whether group 1 or group 2 activate dauer formation in response to dauer-inducing conditions. Killing a dauer-repressing neuron would reDaf-c mutations could disrupt dauer repression by these neurons. To perform this test, we conducted a series sult in inappropriate derepression of dauer formation (Daf-c), whereas killing a dauer-promoting neuron would of neuron isolation experiments, in which all exposed amphid neurons except ADF, ASI, and ASG were killed inhibit dauer formation (Daf-d) . Bargmann and Horvitz (1991) have shown that ADF, in the wild type and in Daf-c mutants. We reasoned that some Daf-c mutations might disrupt the capacity ASI, and ASG are dauer-repressing neurons. When ADF and ASI were killed together, a Daf-c phenotype reof these neurons to repress dauer formation, while other Daf-c mutations might not. We killed AFD and all exsulted. (Because the amphids are bilaterally symmetrical, in their study and throughout this study, the correposed amphid neurons except for ADF, ASI, and ASG in the wild type and in Daf-c mutants and determined sponding neurons in both amphids were killed, except where noted.) When ASG was killed in addition to ADF whether dauer formation was still repressed (Table 1) . Though not exposed to the environment, AFD was inand ASI, the penetrance of the Daf-c phenotype increased. No effect on dauer formation was seen when cluded because it regulates response to temperature (Mori and Ohshima, 1995) , an important modulator of either ADF or ASI remained intact. The Daf-c phenotype caused by killing ADF, ASI, and ASG was suppressed dauer formation (Golden and Riddle, 1984a) . As previously reported (Bargmann and Horvitz, 1991) , we by group 2 Daf-d mutations in daf-3 and daf-5, but was not suppressed by mutations in the cilium-structure found that isolated ADF, ASI, and ASG neurons were sufficient to prevent dauer formation in the wild type. genes. These data are consistent with ADF, ASI, and ASG mediating the group 2 branch of the genetic pathThese neurons were also sufficient to prevent dauer formation in two daf-11 mutants, suggesting that daf-11 way (see Figure 1 ). However, mutations in daf-3 and does not disrupt ADF, ASI, or ASG function. In contrast, these neurons were not sufficient to prevent dauer formation in daf-1 or daf-7 mutants (Table 1) , indicating that daf-1 and daf-7 are required for dauer repression by ADF, ASI, and ASG. All evidence to date suggests that only exposed amphid neurons mediate response to dauer-inducing conditions (Bargmann and Horvitz, 1991; Thomas, 1992, 1994) . However, to test further whether group 2 Daf-c mutations might affect dauer formation through unexposed amphid neurons, all exposed and unexposed amphid neurons except Daf-c mutations in the group 2 branch of the genetic
The epifluorescence and Nomarski images were photographed seppathway disrupt dauer repression by ADF, ASI, and ASG.
arately and were superimposed using Adobe Photoshop.
Since mutations in daf-11 did not perturb dauer repression by ADF, ASI, and ASG, we hypothesize that the daf-11 branch of the genetic pathway functions through L1 and L2, and the fifth animal weakly expressed GFP other neurons. The group 1 mutation daf-21(p673) parin one unidentified cell in the lateral ganglion (not in the tially disrupted dauer repression by ADF, ASI, and ASG, position of ASI). These results indicate that ASI is the suggesting that daf-21 may function both in ADF, ASI, only cell that consistently expresses daf-7::GFP at deand ASG and in additional neurons (see below and Distectable levels in larvae. The occasional expression in cussion).
other neurons may be due to an incomplete promoter or from transcriptional influences at the site of integration of the transgene. Interestingly, the strain with the daf-7::GFP Is Expressed in ASI highest GFP expression (carrying saIs8) has a Daf-c To test molecularly whether the group 2 genes mediate phenotype (49% dauers at 25ЊC; n ϭ 169). One possibilthe function of ADF, ASI, and ASG, we determined where ity is that this phenotype is due to competition for exdaf-7::GFP fusions are expressed (Chalfie et al., 1994) . pression or secretion of the wild-type daf-7 gene prodOf the genes in this branch of the pathway, daf-7 seemed uct. The saIs7 strain produced less than 1% dauers at most likely to be expressed in the sensory neurons beany temperature. cause it encodes a TGF␤-related protein (Lim, 1993) , Dauer formation is induced by high levels of dauer which could function as a dauer-repressing signal. We pheromone. To test whether this induction might result generated two constructs in which GFP was fused in in part from regulation of the expression of daf-7 protein, frame at amino acid 197 of daf-7 (see Experimental Prowe observed expression of the daf-7::GFP fusion in anicedures). Each fusion contained 4.8 kb of DNA upstream mals exposed to various pheromone levels. When exand 1.3 kb downstream of the daf-7 start codon. One posed to even low concentrations of pheromone, daf-7:: fusion had a nuclear localization signal, and the other GFP was undetectable throughout the L1 and L2 stages did not. We generated transgenic strains with fusions (Table 2 ). This result suggests that the activity state integrated into the chromosome (Mello et al., 1991) . Aniof the ASI neurons regulates daf-7 expression. Such mals with either construct expressed daf-7::GFP in the regulation could account for the action of dauer pherocell body of one pair of bilaterally symmetric neurons mone through this branch of the dauer pathway. Similar in the lateral ganglia. Based on their positions in the L1 results on the expression of daf-7::GFP in ASI and its (Sulston et al., 1983) , we identified these as the two ASI neurons (Figure 2 ). GFP was consistently expressed starting in the L1, and expression became stronger in Table 2 . Fraction of ASI Neurons Expressing daf-7::GFP When the L2, the stages during which dauer formation is conExposed to Pheromone trolled . Since GFP acquires is consistent with the report that levels of daf-7 mRNA peak in the L1 (Lim, 1993 rate that the fusion is expressed predominantly in ASI, a These two cells were very faint and were probably not ASI, but
we killed both ASI neurons in daf-7::GFP-containing anithe animal was twisted, making positive identification difficult.
mals. In four of five animals, we detected no GFP in the tion to ASJ ( Figure 3B ). Suppression of daf-11 was prob- ASI causes a Daf-c phenotype (Bargmann and Horvitz, 1991) . In both experiments, the Daf-c phenotype of daf-11 was not suppressed ( Figure 3C ). As a control, the regulation by pheromone have been obtained by P. Ren same kills were performed in the wild type, and 0 out and D. Riddle (personal communication) .
of 2 dauers were formed in each case. These data sugHigh growth temperature also promotes dauer formagest that ASJ is sufficient among exposed amphid neution (Golden and Riddle, 1984b) . To test whether this rons to mediate the Daf-c phenotype of daf-11(sa195). temperature effect might also reflect regulation of daf-7
To determine whether function of both the left and expression, we observed daf-7::GFP expression in aniright ASJ neurons is required to induce dauer formation mals grown at various temperatures. We found that exin daf-11 mutants, we killed ASJ in only one amphid pression was strongest in animals grown at 15ЊC, inter-( Figure 3C ). This unilateral kill reduced dauer formation mediate at 20ЊC, and weakest at 25ЊC (Table 3) . of a daf-11 mutant regardless of whether the right or Expression of two control GFP fusions was not deleft neuron was killed (side not shown), suggesting that tectably affected by temperature. These results suggest the ASJ neurons from both sides of the animal contribute that part of the temperature sensitivity of dauer formato dauer formation. Similar results were obtained when tion is accounted for by changes in daf-7 expression.
ASJ, ASK, and ADL were killed together in only one daf-7 expression is unlikely to account fully for this temamphid ( Figure 3C ). perature sensitivity, since dauer formation remains temperature sensitive in all group 2 Daf-c single and double ASJ Is Required for the Group 1 but Not mutants (Golden and Riddle, 1984a; the Group 2 Daf-c Phenotype Thomas, 1992; Thomas et al., 1994) .
The experiments in the previous section were performed with one daf-11 mutation. To determine whether sup-ASJ Is Required for the Daf-c Phenotype pression of the Daf-c phenotype was specific to dafof a daf-11 Mutant 11(sa195), we tested whether killing ASJ alone or killing Since no amphid neurons other than ADF, ASI, and ASG ASJ, ASK, and ADL together suppresses other Daf-c are required to repress dauer formation, we hypothemutations. Killing ASJ suppressed dauer formation for sized that the Daf-c phenotype of daf-11 results from two additional alleles of daf-11 (m84 and m87), as well the activity of dauer-promoting neurons and that loss of as for daf-21(p673), another group 1 Daf-c mutation daf-11 function inappropriately activates these neurons, ( Figure 4A ). In contrast, even weak group 2 Daf-c mutacausing constitutive dauer formation. This hypothesis tions such as daf-8(sa234) and daf-14(m77) were not predicts that killing these dauer-promoting neurons significantly suppressed by killing ASJ ( Figure 4B ). In would suppress the Daf-c phenotype of daf-11 mutants.
addition, a Daf-c mutation in daf-2, a gene implicated The experiments in Table 1 showed that killing all of the in a downstream step of the pathway (Figure 1 ), was exposed amphid neurons and AFD suppresses dauer not suppressed by killing ASJ ( Figure 4B ). Similar results formation in daf-11, suggesting that daf-11 functions in were obtained when ASJ, ASK, and ADL were killed a subset of these neurons. To determine which amphid together ( Figures 4A and 4B ). These results show that neurons were responsible for the suppression of daf-11, killing ASJ specifically suppresses group 1 Daf-c mutaeach neuron class was killed individually in a daf-11 tions. mutant ( Figure 3A) . Only killing ASJ resulted in statistically significant suppression of the daf-11 Daf-c phenoKilling ADF and ASI Enhances Group 1 type (p < 0.0001). Since killing ASJ did not completely Daf-c Mutations suppress daf-11, we tested whether the suppression Genetic analysis has shown that Daf-c mutations in the two parallel branches of the dauer pathway are synercould be strengthened by killing other neurons in addi- of the single mutants or double mutants within the same
Discussion
Our results suggest that two parallel genetic pathways function in different sets of amphid sensory neurons to control dauer formation. We showed that group 2 but not daf-11 Daf-c mutations disrupt the repression of dauer formation by ADF, ASI, and ASG, suggesting that ADF, ASI, and ASG mediate the function of the group 2 genetic pathway. We also showed that daf-7, one of the group 2 Daf-c genes, is specifically expressed in ASI, consistent with the group 2 genetic pathway functioning as part of the ADF, ASI, and ASG neuronal pathway. We propose that the TGF␤-related protein encoded by daf-7 is produced and secreted by ASI to inhibit dauer formation. We also identified a dauer-promoting neuron, ASJ, that is required for the Daf-c phenotype of daf-11 and 
The Parallel Genetic Pathways That Mediate
Dauer Formation Are Reflected pathway . If ADF, ASI, and ASG are specific to the group 2 branch of the pathway, as our in Parallel Neuronal Pathways Based on our results, we present a model for sensory results suggest, then the Daf-c phenotype that is generated by killing these neurons should enhance the Daf-c regulation of dauer formation ( Figure 6 ). The dauerrepressing neurons ADF and ASI mediate the group 2 phenotype of mutations in the group 1 branch of the pathway. To make this potential enhancement more apgenetic pathway, whereas the dauer-promoting neuron ASJ is required for activation of dauer formation by dafparent, we wanted to test conditions under which the group 1 mutation and the dauer-repressing neurons 11 and daf-21. Additional neurons ASG, ASK, and ADL may make smaller contributions to dauer regulation (not each make weak contributions to the Daf-c phenotype. Because dauer formation is a temperature-sensitive shown in figure) . In the absence of dauer pheromone, the dauer-repressing neurons ADF and ASI are active process, mutations that cause a Daf-c phenotype are more penetrant at higher temperatures (Golden and Ridand repress dauer formation, and the dauer-promoting neuron ASJ is inactive. When pheromone is present at dle, 1984a). Therefore, a weak Daf-c phenotype from group 1 mutations was achieved by growing the animals levels sufficient to promote dauer formation, the dauerrepressing neurons ADF and ASI are inactivated and at a low temperature (15ЊC). A weak Daf-c contribution from the dauer-repressing neurons was accomplished ASJ is activated. We have arbitrarily described these neuronal activities as regulating dauer formation, but by killing only ADF and ASI (Bargmann and Horvitz, 1991) . We tested whether killing ADF and ASI enhanced they can also be described as regulating L3 formation. For example, we have described ASJ as promoting the Daf-c phenotype of three different daf-11 mutations and the one existing daf-21 mutation. A stronger Daf-c dauer formation, but we are currently unable to distinguish this from ASJ repressing L3 formation. The key phenotype was observed when the kill and mutation were combined than in either single condition ( Figure  distinction between ASJ and the ADF and ASI group is whether the neurons are active in the presence of 4C). We conclude that the genetically defined enhancement of daf-11 and daf-21 by group 2 Daf-c mutations pheromone (ASJ, inducing dauer or repressing L3) or in the absence of pheromone (ADF and ASI, repressing results from their effects on the ADF or ASI neuronal pathway.
dauer or inducing L3).
Interesting parallels with the sensory regulation of dauer formation are found in vertebrate retinal bipolar ASJ Contributes to Pheromone Response in the Wild Type cells (Tessier-Lavigne, 1991) . There are two classes of bipolar cells, called on-center and off-center. In reIt remained possible that daf-11 and daf-21 mutations generate a state not reflected in wild-type regulation sponse to an on-center light stimulus to their receptive field, on-center bipolar cells are excited and off-center of dauer formation. If ASJ is involved in transducing pheromone response in the wild type, then killing ASJ bipolar cells are inhibited. In response to the opposite sensory stimulus (off-center light), on-center bipolar might impair response to pheromone. We killed ASJ in the wild type and exposed the animals to several differcells are inhibited and off-center bipolar cells are excited. The resulting changes in bipolar cell synaptic acent concentrations of pheromone. At each pheromone concentration, killing ASJ significantly impaired the abiltivity are passed on to the brain by ganglion cells. Studies with selective inhibitors of on-center bipolar cell ity of wild-type animals to form dauers ( Figure 5) . We conclude that the activity of ASJ contributes to the actiactivity suggest that most aspects of visual function are redundantly encoded by these two parallel classes of vation of dauer formation in the wild type. The effect of killing ADF and ASI is apparent under non-dauer-inducing conditions because they normally repress dauer formation under these conditions. Dauer formation is only partially activated because the dauerregulating functions of other neurons (including ASJ) remain intact. The effect of killing ASJ is apparent only under inducing conditions because ASJ is active only under these conditions. Dauer formation in response to pheromone is only partially blocked by killing ASJ because the dauer-regulating functions of other neurons (including ADF and ASI) remain intact. (C) The effects of daf-11 or group 2 Daf-c mutations on the activity of dauer-repressing and dauer-inducing neurons under nondauer-inducing conditions. Group 2 Daf-c mutations block the capacity of ADF or ASI to repress dauer formation, but ASJ remains unactivated. In daf-11 mutants, ASJ inappropriately promotes dauer formation, but ADF and ASI remain activated to repress dauer formation. The result in each case is partial activation of dauer formation. The defect in the other group 1 mutant, daf-21, is probably quite similar to daf-11, but genetic analysis and the experiments in Table 1 suggest that daf-21 interpretation is less clear. bipolar cell (Schiller, 1982) . It is thought that parallel killing ASI did eliminate detectable daf-7::GFP expression). An alternative model for the function of the group pathways function primarily to enhance contrast sensitivity and to respond rapidly to light changes (Schiller 2 Daf-c genes is that they regulate neuronal development. In this model, mutations in the group 2 Daf-c et al., 1986).
Molecular cloning of group 2 Daf-c genes has suggenes result in failure of ADF, ASI, and ASG to develop into dauer-repressing neurons, thus causing a Daf-c gested that they affect dauer formation by altering either neuronal development or neuronal signal transduction.
phenotype. Expression of daf-7 only in ASI is difficult to reconcile with this model. In accord with the identity of daf-7, the products of daf-1 and daf-4 are members of the TGF␤ receptor family
The specifics of gene function in the group 1 branch of the pathway await the molecular characterization of (Georgi et al., 1990; Estevez et al., 1993) . These identities indicated that the daf-7 gene product might be a ligand daf-11 and daf-21. Because mutations that affect the structure of the amphid sensory endings suppress the that is released by ADF, ASI, and ASG in the absence of pheromone and that acts on the gene products of Daf-c phenotype of daf-11 and daf-21 mutants, it has been inferred that the daf-11 and daf-21 gene products daf-1 and daf-4 to repress dauer formation. In this model, when daf-7 or its receptor are mutated, this refunction in these sensory endings (Vowels and Thomas, 1992; Thomas et al., 1993) . It seems likely that the dafpression would fail, resulting in a Daf-c phenotype (Figure 6 ). Our expression data suggest that daf-7 is ex-11 gene product functions in the sensory ending of the dauer-promoting neuron ASJ to keep ASJ inactive. pressed only in ASI. This may indicate that an additional pathway functions in ADF and ASG, or it may reflect When daf-11 is mutant, ASJ is inappropriately activated, causing a Daf-c phenotype. It is also possible that the an incomplete expression pattern from the daf-7::GFP fusion gene. Expression of a Daf-c gene only in ASI is activity of ASJ is indirectly required for activation of dauer formation by daf-11. For example, daf-11 might surprising, because killing only ASI does not cause a Daf-c phenotype (Bargmann and Horvitz, 1991; our data function in a different neuron whose dauer-regulating function depends on the presence of ASJ. The results not shown). It is possible that mutating daf-7 leaves ASI in a state that promotes dauer formation, for example in Table 1 and genetic analysis E. A. Malone, personal communication) suggest that by releasing a different transmitter. Alternatively, killing ASI in the early L1 may not fully eliminate neuronal funcdaf-21(p673) does not fully activate the group 1 genetic pathway and that it may also affect other pathways that tion by the time of dauer formation is regulated (though are relatively ASJ independent. In addition, daf-21(p673) two pheromones might carry distinct environmental information (Solomon et al., 1995 for dauer formation starts about 10 hr after the neurons C. elegans strains were maintained as described by Brenner (1974). are killed Golden and Rid- The following strains were used: wild-type strain N2, JT195 daf-11 dle, 1984b).
(sa195), , JT6273 daf-21(p673); daf-3(e1376), JT6556 daf-5(e1385); daf-11 (sa195), JT6640 daf-5(e1385); daf-21(p673), JT6548 daf-11(sa195);  and Dauer Recovery daf-3(e1376), JT5852 daf-5(e1385); daf-11(m87), JT5877 daf-11 In addition to playing a role in dauer formation, ASJ (m87); daf-3(e1376), JT8458 lin-15(n765ts); saIs7, JT8459 lin-15 promotes dauer recovery (Bargmann and Horvitz, 1991 Thomas, 1994) , suggesting that these genes are key All 2 ϫ 2 contingency table statistics were performed using Fisher's regulators of dauer recovery as well as dauer formation. . Tests on the effects of temperature were similar except that
ASJ Mediates Dauer Formation
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